Immunoglobulin and T-cell receptor genes are assembled by rearrangement of antigen receptor gene segments during lymphocyte development. This process, termed V(D)J recombination, is mediated by recombination signal sequences (RSSs) composed of conserved heptamer and nonamer elements, separated by spacers of 12 or 23 bp (12-RSSs and 23-RSSs, respectively); recombination normally occurs between gene segments whose RSSs bear spacers of different length (the 12/23 rule). DNA rearrangement is initiated by the recombination activating proteins RAG-1 and RAG-2 (21, 30) , which act in concert to introduce a double-strand break (DSB) at the junction between the RSS and the adjacent coding DNA (14, 38) . This reaction proceeds in two steps: in the first, a nick is introduced at the 5Ј end of the heptamer element flanking the coding DNA; in the second, the resulting 3Ј hydroxyl on the coding end attacks a phosphodiester on the opposite strand (14) . As a result, two DNA ends are produced: a signal end, terminating in a blunt, 5Ј-phosphorylated DSB, and a coding end, terminating in a DNA hairpin (14, 23, 25, 31, 38, 39) .
Several lines of evidence indicate that V(D)J recombination is a specialized form of DNA transposition (24) . These include (i) chemical similarity between RAG-mediated DSB formation and Mu transposition (39) , (ii) an analogy between hybrid joint formation and the retroviral disintegration reaction (16) , (iii) the ability of the RAG proteins to catalyze integration of signal ends into nonhomologous DNA (1, 9) , and (iv) the involvement of hairpin intermediates in the transposition of Tn10 (10) . A deeper appreciation of the similarity between V(D)J rearrangement and other types of transposition will require detailed understanding of the form and function of RAG-RSS complexes at different stages of recombination.
At present, however, even RAG-RSS complexes formed prior to initiation of V(D)J recombination are incompletely defined. For example, RAG-1 binds the RSS nonamer through interactions that resemble those of the bacterial invertase Hin with its target site hixL (4, 19, 34, 36) but the stoichiometry of RAG-1-RSS association and its relevance to assembly of the V(D)J preinitiation complex has remained unclear. Likewise, while heptamer contacts exhibit strong dependence on the presence of both RAG-1 and RAG-2 (36), the composition of this complex and the relative roles of RAG-1 and RAG-2 in mediating heptamer contact have not been determined.
Here we define the stoichiometry of RAG proteins in 12-RSS complexes containing RAG-1 with or without RAG-2 and probe the association of RAG-1 and RAG-2 with the RSS heptamer. In complexes with a 12-RSS substrate in the presence or absence of RAG-2, RAG-1 exists as a dimer, although only a single subunit of RAG-1 participates in nonamer binding. In contrast, multimeric RAG-2 was undetectable in electrophoretic mobility shift complexes containing both RAG proteins. By photo-cross-linking to aryl azide-substituted substrate DNA, we show that RAG-2 promotes direct contact between RAG-1 and the heptamer. Cross-linking of RAG-2, while less efficient than that of RAG-1, is most evident near the heptamer-coding junction. These observations indicate that RAG-2 alters the conformation or orientation of RSS-bound RAG-1, thereby stabilizing interactions of RAG-1 with the heptamer, and suggest that both proteins interact with the RSS near the site of cleavage.
MATERIALS AND METHODS
DNA constructs and protein purification. Expression constructs encoding core fragments of RAG-1 or RAG-2, fused at the amino terminus to a single copy of the maltose binding protein (MBP) and possessing or lacking a carboxy-terminal myc epitope, have been previously described (36) . Versions of these vectors encoding two tandemly arrayed copies of MBP fused to RAG-1 and RAG-2 were also constructed. Briefly, an MBP fragment was amplified by PCR from pBSR1MBP(ϩ) (36) , by using the reverse primer (5Ј-GGAAACAGCTATGAC CATG) and a primer specific for the MBP-RAG-1 junction, into which an XbaI site had been introduced (5Ј-GGATCTCTAGAAGAGTCTGACGACCGCTG G). The MBP fragment was subcloned by TA cloning (Invitrogen) to produce the plasmid pCRMBP, and its nucleotide sequence was verified. A 1.2-kb, MBPencoding fragment was obtained from pCRMBP by digestion with XbaI and cloned into the unique XbaI site upstream of the MBP-RAG coding sequence in pBSR1(MBPϩ) or pBSR2(MBPϩ) (36) . BamHI-NotI fragments from the resulting pBSR1(MBP 2 ) or pBSR2(MBP 2 ) plasmids were cloned into pcDNA1 as described previously (36) .
Single or double MBP-RAG fusion proteins were expressed individually or coexpressed (where noted) in 293 cells and purified by amylose affinity chromatography as described previously (13, 36) . For photo-cross-linking experiments, RAG-1 and RAG-2 were coexpressed in 293 cells (10 g of each plasmid per 10-cm-diameter plate) and purified according to a protocol previously used for RAG-1 (13) .
Oligonucleotide substrates for binding, cleavage, and photo-cross-linking. The standard substrate used in binding and cleavage assays was a 50-bp duplex containing a single 12-RSS, formed by annealing two oligonucleotides, DAR39 and DAR40 (14) . Derivatives of DAR39 and DAR40 (SD2504 and SD2505, respectively) containing mutant heptamer and nonamer sequences have been described previously (36) . Where indicated, pairs of phosphorothioate linkages were introduced at specific sites within DAR39 or SD2504 during chemical synthesis by using a sulfurizing reagent (Glen Research). Aryl azides were coupled to the phosphorothioate positions within the substrate DNA following a procedure adapted from that of Yang and Nash (42) . Briefly, the phosphorothioate-containing oligonucleotides were 5Ј-end labeled with 32 P by using T4 polynucleotide kinase and annealed to a fivefold excess of its unlabeled complement. The DNA was exchanged into 40 mM sodium bicarbonate (pH 9.0) by gel filtration over Sephadex G-50 (NICK column; Pharmacia), and an equal volume (400 l) of 10 mM 4-azidophenacyl bromide (Fluka) in 100% dimethyl sulfoxide was added. After 1 h at room temperature, the mixture was extracted with isobutanol and the DNA was precipitated in ethanol with linear polyacrylamide as a carrier. The duplex DNA was purified by native polyacrylamide gel electrophoresis (PAGE) as previously described (13) .
EMSA. Binding reactions containing single or double MBP-RAG fusion proteins (alone or coexpressed) were assembled, incubated, and analyzed by electrophoretic mobility shift assay (EMSA) as described previously (36) .
DNA cleavage assay. Cleavage reactions containing RAG-1 and/or RAG-2 were assembled as described previously (13) , except that DNA and Me 2ϩ were omitted and incubated at 25°C for various times. Subsequently, the reaction mixtures were supplemented with MgCl 2 to a 1 mM final concentration, 32 Plabeled substrate DNA, and the omitted RAG protein, where appropriate. Samples were transferred to 37°C and incubated for 20 min. Reaction products were fractionated by denaturing PAGE; 32 P was detected by autoradiography and quantified by phosphorimager analysis (Molecular Dynamics). In control reactions, cleavage buffer was incubated at 25°C for the times noted above. Subsequently, the remaining components (RAG proteins, MgCl 2 , and 32 P-labeled DNA) were added simultaneously; samples were immediately transferred to 37°C and incubated for an additional 20 min.
Photo-cross-linking. RAG-1 or coexpressed RAG-1 and RAG-2 chimeras (ϳ75 ng each), myc tagged or untagged as described in the text, were incubated with 32 P-labeled, aryl azide-derivatized substrate DNA (1 nM) in a 96-well U-bottom tissue culture plate (Becton-Dickinson) under the DNA-binding conditions described previously (36) , except that a single-stranded oligonucleotide (DAR81 [5 M]) was added as a nonspecific competitor. Samples (30 l) were incubated in the dark for 20 min in a 37°C water bath, placed in an ice-water bath for 5 min, and irradiated through polystyrene with 250,000 J of 312-nm UV light (Stratalinker 1800; Stratagene) per cm 2 . After irradiation, samples were supplemented with sodium dodecyl sulfate (SDS) (2% final concentration), incubated for 10 min at 37°C to disrupt RAG protein complexes and combined with 900 l of IP buffer (150 mM NaCl, 25 mM TrisCl [pH 8.0], 1% Nonidet P-40, 0.5% deoxycholate) containing 1 mM phenylmethylsulfonyl fluoride. Protein A-purified anti-myc antibody 9E10 (10 g) was added to each sample, and the mixture was incubated on ice for 1.5 h. Complexes were recovered by immunoprecipitation using protein A/G agarose (30 l; Protein A/G Plus; Santa Cruz Biotechnology); beads were collected by centrifugation and washed three times with IP buffer containing 0.1% SDS. Radioactivity was detected in samples by Cerenkov counting. Immunoprecipitates were fractionated by SDS-PAGE; RAG proteins were detected by immunoblotting with affinity-purified rabbit polyclonal antibodies to MBP (probe C-18; Santa Cruz Biotechnology).
RESULTS
Stoichiometry of RAG-1 and RAG-2 in RAG-RSS complexes. In previous studies using an EMSA, RAG-1 was found to support the formation of distinct DNA-protein complexes in the absence and presence of RAG-2 (36) . To probe the stoichiometry of the RAG molecules within these two complexes, chimeric core RAG-1 (amino acids 384 to 1008) and RAG-2 (amino acids 1 to 387) proteins, fused at the amino terminus to one or two copies of the MBP and at the carboxyl terminus to a myc epitope and a polyhistidine tag, were constructed ( Fig. 1 ) (15, 36, 38) .
Single or double MBP fusions of RAG-1 or RAG-2 were expressed individually or coexpressed in 293 cells, purified by amylose affinity chromatography, and examined by EMSA for their ability to bind a 12-RSS substrate (Fig. 2) . Consistent with previous results (36) , no binding was seen in reactions lacking protein (Fig. 2, lane 1) , or containing RAG-2 fusion proteins alone (Fig. 2 , lanes 2 to 5). Species with retarded mobility (M1 and M 2 1) were detected in reactions containing MBP-RAG-1m or MBP 2 -RAG-1m alone (Fig. 2 , lanes 6 and 7). As expected, the mobilities of these complexes differed, reflecting the presence of one (M1) or two (M 2 1) copies of MBP in the fusion protein. When MBP-RAG-1m and MBP 2 -RAG-1m were coexpressed, a species whose mobility was intermediate between those of the individually expressed proteins was detected (M1M 2 1) (Fig. 2, lane 8) ; the mobility of this species, as expected, was shifted by an anti-myc antibody (data not shown). The ratio of the complexes observed in this reaction, as assessed by a phosphorimager, was approximately 1:2:1 (M 2 1:M1M 2 1:M1), as expected if dimerization is random. Dimer formation appears to precede DNA binding, as M1M 2 1 complexes were not detected when individually expressed MBP-RAG-1m and MBP 2 -RAG-1m were combined and incubated with substrate DNA (Fig. 2, lane 9 ). This observation is consistent with the predominance of dimeric RAG-1 in the absence of RAG-2 and DNA, as assessed by native PAGE (27) . Two observations indicate that formation of the M1M 2 1 complex is not an artifact of the composition of the RAG-1 fusion proteins. First, the M1M 2 1 complex can be formed by RAG-1 chimeras lacking carboxy-terminal tags (data not shown); second, MBP does not mediate dimerization, as indicated by the inability of MBP itself to dimerize (20) and the existence of RAG-2 as a monomer in complex with the 12-RSS and RAG-1 (see below). Thus, we infer that RAG-1 exists as a dimer in the 12-RSS complex.
When the RSS substrate was incubated with MBP-RAG-2m and MBP-RAG-1m or MBP 2 -RAG-1m, two species were observed: a faster-migrating complex which comigrated with the species formed in the presence of RAG-1 alone (Fig. 2 , compare lanes 6 and 7 to lanes 10 and 11) and an additional complex with retarded mobility (M1-M2 and M 2 1-M2, respectively; Fig. 2 , lanes 10 and 11). When individually expressed MBP-RAG-1m and MBP 2 -RAG-1m were combined and incubated with the RSS substrate and MBP-RAG-2m, four species were distinguishable (Fig. 2, lane 13 ). These corresponded in mobility to the pairs of species present in reactions containing a single RAG-2 chimera and MBP-RAG-1m or MBP 2 -RAG-1m (compare lane 13 to lanes 10 and 11). Coexpressed MBP-RAG-1m and MBP 2 -RAG-1m, in contrast, formed more than four species in the presence of MBP-RAG-2m and the RSS substrate (Fig. 2, lane 12) . Several of these were easily resolved and comigrated with M1, M1M 2 1, and M 2 1-M2. Complexes corresponding to M 2 1 and M1-M2 were faint or poorly resolved. However, a new species with mobility intermediate between that of M 2 1 and M 2 1-M2 was clearly visible (compare lanes 12 and 13), and is consistent with formation of an M1M 2 1-M2 complex. These data suggest that RAG-1 retains its dimer configuration when associated with the 12-RSS substrate and RAG-2.
In agreement with an earlier study (36) , two RAG-RSS complexes were detected in reactions containing MBP-RAG-1m and MBP 2 -RAG-2m: a slower species (M1/M 2 2) and a species that comigrated with the M1 complex (Fig. 2,  lane 14) . When MBP-RAG-2m and MBP 2 -RAG-2m were expressed individually, combined and incubated with MBP-RAG-1m, the same qualitative and quantitative pattern of RAG-RSS complexes was observed as in reactions containing the coexpressed RAG-2 chimeras (Fig. 2, compare lanes 15  and 16) . Notably, these complexes comigrated with species formed in reactions containing MBP-RAG-1m and individually expressed MBP-RAG-2m or MBP 2 -RAG-2m (compare lanes 10 and 14 to lanes 15 and 16), even at lower exposures (data not shown). Taken together, these data suggest that the 12-RSS precleavage complex contains dimeric RAG-1 and monomeric RAG-2.
A single functional subunit is sufficient for binding of RAG-1 to an isolated RSS nonamer. We next asked whether one or both subunits of the RAG-1 dimer participated in nonamer binding. To address this, a binding-deficient RAG-1 mutant chimera, containing amino-terminal MBP and a carboxy-terminal polyhistidine tag, was expressed alone or together with a wild-type (WT) RAG-1 chimera containing two tandem, amino-terminal copies of MBP but lacking a polyhistidine tag (MBP 2 -RAG1) (Fig. 1) . The mutant (MT) protein used in this experiment, MBP-RAG-1(A384/393)m (Fig. 1) , carries an alanine substitution that impairs specific binding to the RSS (36) . This mutation lies in a region of the protein previously shown to be essential for nonamer binding (4, 34) . The expressed proteins were purified by amylose affinity chromatography, followed by affinity chromatography over Ni 2ϩ -nitrilotriacetic (Ni 2ϩ -NTA) resin. From cells expressing both proteins, the amylose column was expected to retain WT or MT homodimers and the heterodimer. Only the MT homodimer and heterodimer were expected to be retained on the Ni 2ϩ -NTA column, as the WT chimera lacks the polyhistidine tag. RAG-1 chimeras retained at the first and second chromatographic steps were examined by immunoblotting (Fig.  3A) . Although the amount of MBP 2 -RAG-1 eluted from the amylose resin was present at a 1.2-fold excess over MBP-RAG-1(A384/393)m (Fig. 3A, lanes 1 and 2) , the ratio of WT to MT RAG-1 chimera following elution from Ni 2ϩ -NTA was 1:1.4 (Fig. 3A, lanes 3 and 4) , consistent with loss of WT dimers. DNA cleavage activity was detectable in the Ni 2ϩ -NTA eluate containing heterodimeric RAG-1, but not in the eluate containing homomeric mutant RAG-1 alone (data not shown).
Purified RAG-1 chimeras were then assayed for RSS binding by EMSA in the absence (Fig. 3B , lanes 2 to 5) or presence (Fig. 3B , lanes 6 to 9) of RAG-2. As expected, MBP-RAG-1 and MBP 2 -RAG-1 formed RSS complexes in the absence of RAG-2 (M1 and M 2 1, respectively; Fig. 3B, lanes 2 and 3) . As expected, the MT chimera did not detectably bind substrate DNA in the absence or presence of RAG-2 (Fig. 3B, lanes 4  and 8) . When MBP 2 -RAG-1 and MBP-RAG-1(A384/393)m were coexpressed and copurified, they yielded a species of intermediate mobility (M1M 2 1) , consistent with the formation of a binding-competent heterodimer containing WT and MT subunits (Fig. 3B, lane 5) . No species comigrating with M 2 1 was detected, indicating that the WT homodimer was efficiently removed by the purification regimen and that subunit exchange occurs inefficiently under these conditions. In the presence of RAG-2, additional species with retarded mobility were observed in reactions containing MBP-RAG-1 or MBP 2 -RAG-1 (M1-M2 and M 2 1-M2, respectively; Fig. 3B , lanes 6 and 7), consistent with observations presented above (Fig. 2) . In the reaction containing MBP 2 -RAG-1 and MBP-RAG-1 (A384/393)m, a species (M1M 2 1-M2) was detected whose mobility was lower than that of M1M 2 1 and intermediate between those of M1-M2 and M 2 1-M2 (Fig. 3B, lane 9) . Taken together these observations indicate that (i) in the single RSS precleavage complexes examined here, only a single subunit of the RAG-1 dimer participates in nonamer binding and (ii) a RAG-1 dimer containing only one binding-competent subunit can associate with RAG-2 in an RSS complex. Moreover, because mutant homodimers failed to form stable complexes, while heterodimers containing MT and WT subunits were able to bind DNA, we infer, assuming one DNA binding site per RAG-1 subunit, that a single DNA fragment is present in the shifted species observed in Fig. 2 and Fig. 3B .
Prior interaction of RAG-1 with RAG-2 in the absence of DNA enhances cleavage activity. Several laboratories have described an association of RAG-1 with RAG-2 in the absence of DNA (12, 15, 27, 33) , but the relationship of this association to RSS recognition or cleavage has remained unclear. Indeed, because RAG-1 alone can interact with an RSS it has been suggested that RAG-1 recruits RAG-2 to the RSS (4). We wished to address whether the efficiency of DNA cleavage at the RSS is affected by prior interaction of RAG-1 with RAG-2 in the absence of substrate DNA.
RAG-1 and RAG-2, alone or in combination, were incubated at 25°C for times ranging from 0 to 20 min. Mg 2ϩ and radiolabeled RSS substrate were then added, the samples were transferred to 37°C and the amount of nicked substrate was assessed 20 min thereafter (Fig. 4) . In reactions containing a single RSS, Mg 2ϩ supports nicking but not hairpin formation, simplifying assessment of RAG activity (14) . The amount of nicked-product formation was unaltered by preincubation of RAG-1 or RAG-2 alone over the period examined. In these instances the yields of nicked product were similar to those obtained from matched control reactions in which RAG-1, RAG-2, Mg 2ϩ , and DNA were combined simultaneously just prior to incubation at 37°C. Thus, the individual RAG proteins are stable under these conditions for at least 20 min in the absence of DNA and Mg 2ϩ . When RAG-1 and RAG-2 were preincubated together, however, the yield of nicked product increased sharply with increasing time of preincubation (Fig.  4) . These results provide evidence that RAG-1 and RAG-2 interact prior to substrate recognition in a manner that increases their activity. This interaction may reflect formation of a stable complex between the two proteins, as RAG-1 and RAG-2 can be coimmunoprecipitated from these preincubation reactions (data not shown), consistent with previous results.
RAG-2 induces RAG-1 to contact the RSS heptamer region. In RSS complexes containing RAG-1 alone, DNA contacts are centered on the nonamer, while in complexes containing RAG-1 and RAG-2, protein-RSS interactions extend through the spacer and into the heptamer (36) . While RAG-1 and RAG-2 collaborate in heptamer recognition, the nature of this collaboration has remained unknown. Extension of DNA-protein contacts into the heptamer could reflect binding of RAG-2 at a site adjacent to RAG-1; alternatively or in addition, RAG-2 might alter the conformation or orientation of RAG-1 so as to promote contact between RAG-1 and the heptamer. We addressed this question by covalent trapping (42) . Photoreactive aryl azides were coupled to phosphorothioates that had been introduced at specific positions in or around the heptamer during chemical synthesis of substrate oligonucleotides. The placement of phosphorothioates was guided by the pattern of heptamer phosphate contacts previously identified by ethylation interference (36) . Three pairs of backbone positions were chosen (Fig. 5) : one pair (S15-S16) was placed at the coding end, adjacent to the heptamer; the other two pairs were placed on either side of the region of RAG-2-dependent ethylation interference (S20-S21 and S26-S27). Denaturing gel electrophoresis of derivatized substrates bearing canonical (WT) or MT heptamer and nonamer elements showed a reduction in the amount of uncoupled oligonucleotide and the appearance of two slower-migrating species, reflecting the coupling of an aryl azide to one or both phosphorothioates (data not shown). Coupling efficiency was similar for both WT and MT substrates, with at least 80% of the input oligonucleotide derivatized in each instance (data not shown). All three deri- 2) and Ni 2ϩ -chelate affinity chromatography (lanes 3 and 4), the levels of WT and MT RAG-1 fusion proteins were determined by immunoblotting with anti-RAG-1 antibody Ab307 (14) . The positions of WT and MT RAG-1 fusion proteins are designated at left. (B) The radiolabeled 12-RSS probe was incubated without (Ϫ) protein (lane 1) or with (ϩ) RAG-1 fusion proteins (indicated above and defined in Fig. 1 ) which had been purified by amylose affinity chromatography (lanes 2, 3, 6, and 7) or consecutive rounds of amylose and Ni 2ϩ affinity chromatography (lanes 4, 5, 8, and 9). Reactions were carried out in the absence (lanes 2 to 5) or presence (lanes 6 to 9) of RAG-2. The positions of DNA-protein complexes are indicated as described in the legend to Fig. 2 (Fig. 1) were incubated in various combinations with radiolabeled, derivatized RSS substrates. The reaction mixes were irradiated at 312 nm, noncovalent associations were disrupted by detergent, and protein(s) was immunoprecipitated with an anti-myc antibody. Coexpressed RAG-1 and RAG-2 proteins were used in this experiment, as they are more active than their individually expressed counterparts (8) . The yields of singly expressed and coexpressed RAG-1 chimeras were similar to each other and to the yields of RAG-2, as assessed by immunoblotting (Fig. 6B) . The RSS binding and cleavage activities of coexpressed proteins were similar within a factor of 2 (data not shown).
In two independent experiments, the highest levels of protein-DNA cross-linking were observed when myc-tagged RAG-1 was incubated with WT substrate in the presence of tagged or untagged RAG-2; the most efficient cross-linking occurred when the substrate was derivatized at positions S20-S21, in the middle of the heptamer, although specific cross-linking was observed at the other positions as well (Fig. 6A) . In contrast, substantially less radioactivity was precipitated from reactions containing tagged RAG-1 in the absence of RAG-2 or untagged RAG-1 in the presence of tagged RAG-2 (Fig. 6A) . In the presence of RAG-2, cross-linking of RAG-1 was RSS specific, as mutation of the heptamer and nonamer greatly reduced the amount of radiolabeled DNA precipitated (Fig. 6A) . Very little radioactivity was recovered from reactions in which neither RAG protein was tagged, demonstrating dependence of precipitation on the presence of the myc epitope (Fig. 6A) . Moreover, the amount of radioactivity recovered from reactions containing underivatized, phosphorothioate-containing oligonucleotides was at least 10-fold lower than that from reactions containing derivatized substrates (data not shown), indicating that irradiation at 312 nm specifically cross-linked DNA to protein through the aryl azide moieties.
Immunoblotting of anti-myc immunoprecipitates with anti-MBP antibodies demonstrated that detergent treatment of samples after cross-linking efficiently disrupted RAG-1-RAG-2 interactions (Fig. 6C) ; moreover, differential recovery of these proteins does not account for differences in radioactivity precipitated with RAG-1 as opposed to RAG-2 (compare Fig. 6A and C). (The relatively low yield of radioactivity seen in the reaction of experiment 2 containing RAG-1m, RAG-2, and the WT S20-S21 substrate [ Fig. 6A ] may be explained in part by the poor recovery of RAG-1m in the immunoprecipitate [ Fig.  6C, lower panel, lane 3] .) Although RAG-1 exhibited a low level of specific cross-linking to the heptamer region in the absence of RAG-2, the degree of discrimination between MT and WT substrates was two-to threefold lower than in reactions containing both proteins (Fig. 6A) , consistent with the relative nonspecificity of DNA binding by RAG-1 in isolation (3, 36) . In reactions containing both RAG proteins, RAG-2 exhibited a low level of specific cross-linking to the substrate (Fig. 6A) . Specific RAG-2 cross-linking showed relatively little dependence on the positions of aryl azides but was most evident at the coding base pairs abutting the heptamer (S15-S16). From these results we infer that heptamer contacts, while enhanced by the presence of RAG-2, are mediated primarily by RAG-1. These observations provide strong evidence that RAG-2 alters the conformation or orientation of RAG-1 so that the latter is more able to engage the heptamer and suggest that both proteins interact with the RSS near the site of cleavage. FIG. 4 . DNA cleavage activity is enhanced by preincubation of RAG-1 with RAG-2 in the absence of substrate. RAG-1 and RAG-2 were incubated separately or together at 25°C in cleavage buffer lacking DNA and Me 2ϩ for times ranging from 0 to 20 min. The reaction mixtures were then supplemented with 32 P-labeled substrate DNA, MgCl 2 to a concentration of 1 mM, and the omitted RAG protein where appropriate. Samples were transferred to 37°C and incubated for 20 min. In control reactions, cleavage buffer was incubated at 25°C for the times noted above. Subsequently, the remaining components (RAG proteins, MgCl 2 , and 32 P-labeled DNA) were added simultaneously; samples were immediately transferred to 37°C and incubated for an additional 20 min. Reaction products were fractionated by denaturing PAGE and quantified with a phosphorimager. Accumulation of nicked product (measured in arbitrary absorption units While RAG-1 are RAG-2 are both necessary and sufficient for the initiation of V(D)J recombination, the relative roles of the two proteins in mediating RSS recognition have been unclear. In the absence of RAG-2, RAG-1 exhibits relatively poor binding specificity for RSS sequences (3, 36) , although interactions with the nonamer are evident from one-hybrid assays (4), surface plasmon resonance (34) , modification interference, and DNA footprinting (19, 36) . These interactions are impaired by mutations in a region of purported homology between RAG-1 and the prokaryotic invertase Hin, whose recognition site hix resembles the RSS nonamer (4, 34) . Modification interference and direct footprinting analysis support an analogy between Hin-hix and RAG-1-nonamer interactions (19, 36) . Nonetheless, in the absence of RAG-2 the ability of RAG-1 to discriminate between specific and nonspecific DNA is weak.
Several lines of evidence have indicated that RAG-2 collaborates with RAG-1 to achieve recognition of the heptamer: (i) in one-hybrid assays, transactivation in the presence of RAG-1 and RAG-2 is more heptamer dependent than in the presence of RAG-1 alone (4); (ii) protein-DNA complexes containing RAG-1 and RAG-2, as detected by EMSA, are more sensitive to heptamer mutation than complexes containing RAG-1 alone (3, 8, 36) ; and (iii) heptamer contacts are observed in protein-DNA complexes containing both RAG-1 and RAG-2, but not in those containing RAG-1 alone (36) . In principle, RAG-2 could exert its effect on RSS recognition directly, by binding the heptamer, or indirectly, by modifying the conformation or orientation of RAG-1. These possibilities are not mutually exclusive.
The photo-cross-linking experiments presented here demonstrate that RAG-1 makes direct, RAG-2-dependent contacts with the RSS in the vicinity of the heptamer. This result is consistent with the observation that certain RAG-1 mutations impart sensitivity to changes in the coding sequence flanking the RSS, providing indirect evidence for the interaction of RAG-1 with the heptamer-coding junction (22, 26) . The distances between RAG-1 and its points of contact with the heptamer region are likely to be on the order of 11 Å or less, which is the distance between a backbone phosphorus atom and the reactive nitrogen of the aryl azide to which it is coupled (42) . The corresponding uncertainty in localization of RAG-DNA contacts is on the order of 3.3 to 3.6 bp or less. Specific cross-linking of RAG-2 to the heptamer region is less efficient, consistent with a greater average backbone-to-protein distance than exists for RAG-1. Insofar as it is detectable, specific cross-linking of RAG-2 is most apparent at the coding positions abutting the RSS, while RAG-1 is most efficiently crosslinked to residues in the middle of the heptamer. This observation leaves open the possibility that RAG-2 most closely approaches the RSS near the site of DNA cleavage.
How might RAG-2 promote heptamer occupancy by RAG-1? In principle, RAG-2 might alter the stoichiometry of RAG-1 in RSS complexes, but this possibility is eliminated by the observation that RAG-1 exists as a dimer in RSS complexes regardless of the presence of RAG-2 ( Fig. 2) (27) . We favor, rather, a mechanism in which RAG-2 alters the conformation of one or both subunits of the RAG-1 dimer. This conformational change need not occur after association with DNA. Indeed, the enhancement of RSS cleavage activity observed upon preincubation of the RAG proteins in the absence of DNA (Fig. 4) could be explained if association of RAG-1 with RAG-2, or a subsequent, DNA-independent isomerization of the RAG-1-RAG-2 complex, were rate limiting for DNA cleavage. The available data are consistent with the following interpretation (Fig. 7) . On an isolated 12-RSS substrate in the absence of RAG-2, a single subunit of dimeric RAG-1 participates in nonamer binding; heptamer interactions are undetectable by EMSA or modification interference (36) (Fig. 7A) . Inclusion of RAG-2 with RAG-1 in the 12-RSS binding reaction permits formation of a complex in which one or both RAG-1 subunits have undergone a RAG-2-dependent conformational change that enforces occupancy of the heptamer region. Heptamer binding by RAG-1 could, in principle, be mediated by either subunit of the RAG-1 dimer. The data do not imply that either of these single RSS-containing complexes is an intermediate in physiologic V(D)J recombination.
Implications for synaptic complex formation. The results of stoichiometric measurements and cross-linking studies presented here, although carried out with an isolated RSS substrate, may provide insight into the composition of synaptic complexes containing 12-and 23-RSSs. Because a single functional subunit of the RAG-1 dimer can support nonamer binding (Fig. 3B) , a dimer of RAG-1 could in principle bind two RSSs. Thus, in one simple model for a synaptic complex, each subunit of a RAG-1 dimer would bind a nonamer; the associated heptamer could, in principle, be bound by the same or the opposite subunit (Fig. 7B) . Such a complex could be assembled by any of several pathways, including (i) stepwise capture of each RSS, (ii) simultaneous capture of both RSSs, or (iii) formation of RAG-RSS complexes at separate sites, followed by synapsis formation through protein-protein interactions. The available data do not distinguish among these possibilities, although the existence of RAG-1 as a stable dimer would be most consistent with the first two.
Within the limitations of the mobility shift assay employed here, only monomeric RAG-2 was detectable in 12-RSS complexes containing RAG-1 ( Fig. 2; Fig. 7B ). It remains possible, however, that single RSS complexes containing RAG-2 dimers are short-lived and thus undetectable by our assay. Moreover, the stoichiometry of RAG-2 in synaptic complexes is not known; heptamer recognition by a second RAG-1 subunit could require the participation of an additional RAG-2 monomer, as drawn here (Fig. 7B) . Other proteins, such as HMG-1, are likely to be required for efficient assembly of synaptic complexes (2, 7, 37) . The clustering of RAG-RSS backbone contacts on one side of the helix (36) could, in principle, leave the opposite face of the DNA free to contact accessory pro- teins such as HMG-1. Because HMG-1 is expected to bend DNA away from itself (41) , this arrangement might facilitate simultaneous engagement of the 23-spacer nonamer and heptamer by RAG-1. The dimerization of RAG-1 and its ability, in the presence of RAG-2, to contact both the heptamer and the nonamer, suggest that one RAG-1 subunit may transmit information concerning the length of its associated spacer to the other subunit, thereby assisting enforcement of the 12/23 rule (5, 7, 35, 40) .
RAG-RSS recognition and formation of DNA transposition complexes. V(D)J recombination is a specialized form of transposition, specifically related to the cut-and-paste reactions employed by Tn7 and Tn10 (1, 9, 10, 39) . In addition, similarities between nonamer recognition by RAG-1 and hix recognition by Hin (4, 19, 34, 36) have suggested that V(D)J recombination and Hin-mediated inversion share additional features.
The synaptic complexes associated with bacteriophage Mu transposition and Hin-mediated DNA inversion have been characterized in some detail, and it may be useful to compare these systems with the model for RAG-RSS recognition presented here. In the case of phage Mu transposition, stable synaptic complex formation, strand cleavage, and strand transfer occur within a protein-DNA complex termed the transpososome; within this complex, four Mu A monomers are tightly bound to the ends of the Mu genome (11 (18) . Notably, the electrophoretic mobility of the stable synaptic complex is not affected when Ca 2ϩ is substituted for Mg 2ϩ (29) . In these respects, the Mu transpososome resembles a RAG-RSS complex (8, 14) . The model of RAG synaptic complex formation presented in Fig. 7B would also resemble the Mu and Hin systems in the use of a four-subunit core, except that the RAG system would utilize two distinct proteins, rather than a Mu tetramer or a pair of Hin dimers (6, 11) . The use of two gene products to initiate strand cleavage and transfer has precedence in the Tn7 transposition system (28) . Unlike Tn7 transposition, however, in which TnsA and TnsB catalyze distinct DNA processing reactions at the ends of the transposon (28) , no such distinction exists between the sites of DNA cleavage in V(D)J recombination, as isolated 12-and 23-RSSs can each serve as substrates for the recombinase in vitro (14) . A closer analogy to the action of RAG-2 may be provided by the mechanism by which the protein Fis stimulates Hin-catalyzed inversion. A dimer of Fis, bound to a recombinational enhancer element, is proposed to induce a conformational change in Hin; this would place the Hin active sites close to the scissile phosphodiester bonds at hixL and hixR, thereby facilitating double strand cleavage (17) . Whether RAG-2 plays an analogous role in the initiation of V(D)J recombination awaits determination of the relative roles of the RAG proteins in catalysis of DNA cleavage.
